ABSTRACT The application of Internet of Things in smart buildings is becoming more and more extensive. The energy supply problem of end nodes has always been a concern of the field of research and industry areas, and an adaptive radio frequency energy conversion system is proposed for the low power node of the Internet of Things. By using the unipolar transistor control, the threshold voltage of the rectifier changes dynamically, through RF matching, and double voltage rectification measures the supply for the low power nodes. The proposed circuit is aimed at reducing the threshold voltage of the transistor forward bias to increase power and output voltage of the harvester and increasing the reverse bias of the threshold voltage for reducing the leakage current. It prevents the loss of stored energy. This paper presents a 12 stages adaptive thresholdcompensated rectifier circuit has reached the maximum power conversion efficiency 35.3% at −14 dBm. Meanwhile, when the input power is −12dBm, the output voltage is 3.2 V at the output load 1 M . The low power characteristics of the nodes at the end of the Internet of Things make it possible to convert the RF energy into electric energy.
I. INTRODUCTION
In recent years, low power sensor nodes have been widely used in intelligent office, medical monitoring system, radio frequency identification, industry and military. The energy of wireless sensor node depends on batteries, which limits the development and lifetime of the sensor network. The reason is that the energy of battery is limited and it is difficult to change the battery under certain circumstances. The conventional battery's maintenance, charging and battery replacement needs to pay the costs. And the use of batteries leads to environmental pollution [1] . How to prolong the life cycle of the node and collect environmental energy (micro vibration energy, thermal energy, solar energy, wind energy, RF energy) become one of research hot spots, which will replace the battery and prolong the lifetime of the nodes effectively. Table 1 shows the comparison of different sources of energy and effective energy density.
With the development of micro-electronics technology and the power consumption of the wireless sensor nodes is reducing, which makes the RF power supply more and more easily. Meanwhile the increase of wireless communication equipment makes the distribution of RF signal very wide [2] . The low power consumption of the node and the feasibility of the collection and conversion technology make it possible to collect the RF energy from the environment for the low power node. So far, the Powercast company announced the Lifetime Power energy collection tools for battery charging, of which the input RF energy is higher than −11dBm, which provides a solution for wireless charging [3] .In 2011, at the CES show, the Airnergy Charger collected and convert the WIFI radio frequency energy into electricity, charging for mobile devices.
How to improve the conversion efficiency of RF to DC becomes the research hotspot of RF power supply. Most of the voltage double rectifier circuit is improved in the traditional Dickson structure. The MOS instead of the rectifier diode cascade, which results in a loss of MOS transistor threshold voltage of Vth. In order to achieve the voltage compensation for MOS, the Nakamoto et al. [4] and Gao et al. [5] eliminate threshold voltage by the mirror threshold voltage, the disadvantages of which needs high resistance and capacitance. Its drawback is the programming initialization. Shailesh et al. [6] and Wang et al. [7] proposed differential driver CMOS rectifier, the differential signal provides bias voltage to reduce the threshold voltage of the transistor and improves conversion efficiency. Papotto et al. [8] uses the multilevel rectifier's self-threshold compensation scheme, which aims at overcoming the limitation of input dead zone and maximizing the overall rectification efficiency.
In this paper, we focus on converting RF energy into direct current and supplying for the low power sensor node consumption. We design RF energy conversion system, which includes RF energy collection and conversion circuit, memory circuit and power management circuit. It can keep the low power consumption node working in the area, where the electromagnetic wave energy density is small. At the same time, we analyze the spectrum density of RF energy, the effective frequency range of operation and the performance of low power node.
II. RF ENERGY HARVESTING IN THE ENVIRONMENT A. RADIO FREQUENCY ENERGY SPECTRUM ANALYSIS
Nowadays, the RF energy source in the environment, including mobile phones, mobile base stations, TV/radio station, the wireless communication equipment, WIFI router and so on. The distribution of resources radiant electromagnetic wave exists all the time [9] , [10] . As shown in the Figure 1 , the RF energy spectrum in the space environment, RF energy sources distribution can be seen the electromagnetic wave stability and spatial distribution. 
B. RADIO FREQUENCY COLLECTION TECHNOLOGY FEASIBILITY ANALYSIS
The RF signal in the environment space is received by the antenna, and then through the matching network which converts RF signal power into the load side as much as possible. The selection of RF matching network is affected by input impedance, output impedance, RF signal frequency and RF input power. The equivalent impedance of the voltage double rectifier changes with the input RF signal power also influences the matching network [11] . So we should consider the input impedance, the equivalent impedance of rectifier and the output impedance when we design matching network. As shown in Figure 2 , that is the equivalent circuit diagram of the whole matching network. The matching network can minimize the reflection of the signal which converts input signal into the load side RL as much as possible. According to the maximum power transfer theorem, the maximum output power can be obtained when the input resistance is equal to the output load [12] , [13] . Under the condition of impedance matching, the reflection wave between the radio frequency signal source and the load can be eliminated, and the quality of the transmitted signal can be guaranteed. In the ADS (Advanced Design System) simulation environment, which uses the Smith circle to achieve impedance matching and does not require manual calculation. As shown in Figure 3 , the impedance matching of the Smith chart is on the left, the voltage reflection coefficient S (1, 1) is 9.66, which leads to a great loss of input RF signal. When the matching network voltage reflection coefficient S (1,1) is −97.3, the loss of input signal is much lower. It can be seen that the matching network can reduce the loss of the RF signal source and make the load get the maximum power.
The core part of the RF conversion is the rectifier voltage doubler circuit, which includes the Walton symmetry, Kerr symmetry, bridge type and Willard equal voltage rectifier [14] . In order to enhance the high frequency characteristic and integrate circuit easily, most of which adopts MOS tube. Figure 4 shows that the grid of the MOS transistor is grounded and the capacitance is the load. In the period of 1, RFIN+ > V0, when the input RF signal amplitude is greater than the voltage on the capacitor, the current flows is charged into the capacitor. In the period of 2, RFIN+ < V0, when the input RF signal amplitude is less than the voltage on the capacitor, the current of the capacitor is discharge. The charging and discharging time is 50%. With the increase of the voltage on the capacitor V0, the time interval of charge will be reduced until the capacitor V0 reaches its the final voltage. Due to the wide existence of radio frequency energy and the matching network makes the lowest power loss of the RF source signal, which makes the output load get the maximum power. The rectifier voltage doubler circuit converts the low amplitude of the input RF signal into a high DC voltage. In summary, the scheme of RF energy harvesting is feasible.
III. RF ENERGY HARVESTING A. GENERAL SCHEME FOR RF ENERGY HARVESTING
The RF signal in the environment needs to be matched by the antenna, and the RF energy collecting system is shown in figure 5 . The antenna receives the radio frequency energy in the natural environment, and the maximum power of the radio frequency source signal is obtained from the antenna, which converts the RF signal into rectifier circuit through the impedance matching circuit. The input RF power is converted to DC power output through the cascaded rectifier circuit, which is the core of the conversion process. Finally, the DC voltage is regulated to store, and the unstable input RF signal power leads the output voltage to be unstable. So the voltage regulator circuit is needed. The output DC voltage is stored in the energy storage element (battery or capacitor) or directly to the low power sensor. The biggest challenge of the whole RF energy harvesting system is the low input power of the RF wave intensity and the conversion efficiency of the cascaded rectifier unit.
Therefore, it is necessary to design a power conversion circuit with high conversion efficiency under the low input power level, which can provides a multi-value voltage output for the work of a low power sensing node. According to the manufacturer's power consumption is roughly between 10 −100 W about low-power sensor nodes [15] , [16] .
B. MATCHING CIRCUIT
The matching circuit is designed to convert the signal power of the RF source to load as large as possible. In order to design the impedance matching network, at first, we determine the output impedance of Zin is 50 , and select a specific frequency 2.4GHz (WIFI signal frequency). As shown in figure 6 , in order to increase the bandwidth and suppress the resonant frequency close to the high frequency, a shunt capacitor is used to replace the usual parallel capacitor [17] , which forms into T matching network. Using ADS simulation software, the frequency of the RF power source is 2.4GHz, and the output impedance is 50 . According to the impedance of the RF power source, Figure 7 shows the Smith circle in the ADS, which on the left side shows that the impedance point of the RF source on the Smith chart. The arc in the graph is matched with adding the capacitance and inductance to the center horizontal line position. Which on the right side shows that constant resistance circle and equal conductance circle go through circle dot.
Due to the presence of reflected wave, the power of the transmission line terminal can't be absorbed by the load. In order to improve the transmission efficiency, the voltage reflection coefficient S (1,1) is used to measure the degree of impedance matching [18] , [19] , Figure 8 shows the voltage reflection coefficient S (1,1) is −28.09dBm. Therefore, S (1,1) as the characteristics of return loss, the smaller value of which the reflection energy is more smaller and the energy transferred is greater. It can be seen that the impedance matching has reached the requirements and reached the lowest level near 2.4GHz.
C. RECTIFIER VOLTAGE DOUBLER CIRCUIT
Rectifier voltage doubler [20] , [21] is a circuit that converts the AC energy obtained from the antenna to the DC power, whose performance is affected by the threshold voltage. So this paper chooses a low threshold Sean diode or CMOS transistor. But the low threshold will increase the reverse drain current, causing the loss of energy stored in the previous cycle. Most of the RF-DC conversion circuits focus on lowering the threshold voltage and ignoring the power loss. In this paper, the rectifying doubling circuit reduces the threshold voltage of the transistor forward bias circuit to increase the output power and voltage gain, increase the threshold voltage of the reverse bias transistor, and reduce the drain current, which can prevent the loss of energy previously stored.
When the power is low, the reverse leakage current and the output DC voltage have a negative effect on the conversion efficiency. There are some analysis as following: Figure 9 (a) shows that a single threshold compensation transistor rectifier and the input voltage source driverV_in=V_α sinωt, Assuming that the compensation voltage is V_c, the input and output steady-state voltage waveforms are shown in Figure 9 (b), and the overall conversion efficiency (PCE) is:
Where P outforward : output power when the transistor is forward bias, P leakage : drain output power when the transistor is reverse bias, P input : input RF signal power. As shown in Figure 9 (b), in the forward extension t=t 1 to t=π+t 1 area sees that the current through the MOS transistor.
Suppose the ripple voltage change is δV much less than the average output voltage V_0, the output voltage V_0=V_α−V_TH+V_c,where V_TH: transistor turnon voltage drop. Transform the formula (2):
In the forward region, the power ratio of the output voltage and the input voltage increase with the voltage compensation in the forward region:
With the increase of compensation, the power loss increases due to the higher drain current. As shown in formula (3) and (5), the ratio of the output power to the input power in the forward region increases with the increase of the threshold voltage, but the loss of the drain region is higher. Therefore, in order to reduce the loss of transistor, we should balance the leakage current of transistor's threshold voltage compensation [17] .
As shown in Figure 10 (a), the influence of the series of threshold compensation on the power rectification efficiency of multilevel rectifier voltage doubler circuit. The first compensation rectifier voltage is connected to the first PMOS transistor. As shown in Figure 10 (b) , the three stage compensated rectifier voltage is connected to the first three PMOS transistors. The simulation results show that the maximum efficiency of ADS in the contour map as shown in Figure 11 , we can see that the threshold voltage increases at the level of compensation. Although the forward conduction has been improved, the reverse leakage current is increased. In order to balance the relationship between the reduction of threshold voltage and the increase of drain current. The authors propose the use of a high speed comparator to control the reverse leakage current [24] - [26] , but the use of the comparator increases power consumption, limiting the usefulness of the lower frequency [27] . In this paper, an adaptive forward and backward threshold voltage is proposed to improve the threshold voltage compensation by using the least additional circuit. When the transistor is forward biased, the threshold voltage compensation is increased, and the threshold voltage compensation is reduced when the transistor is reversely biased. The PMOS transistor is compensated in reverse when the forward bias is applied to the rectifier doubler, which can increase the forward current and reduce the reverse drain current.
As shown in Figure 12 , an adaptive scheme is proposed in this paper. When the transistor Mn is in the forward bias, the transistor Mn is connected with a solid wire to compensate the forward loss. When the transistor Mn is reverse biased, the terminal voltage of the Vsg is sufficient for the auxiliary transistor Mnb to be turned on, and the bias voltage of the source gate of the transistor Mn is reduced to zero. This greatly reduces the reverse leakage current, so that the loss is greatly reduced. In order to investigate the effect of the proposed adaptive scheme in reducing the drain current, this paper adapts voltage doubler rectification stage is 12, 4pF capacitor and 1M load in ADS simulation. The simulation includes the first compensation voltage doubler rectifier, the three stage compensation voltage doubler rectifier and the adaptive compensation scheme proposed in this paper.
In order to investigate the effectiveness of adaptive rectifier voltage doubler on reducing drain current. ADS simulation results shown in Figure 13 , the simulation of the drain current under different input RF power and 1M load. The input RF power at the center frequency of 2.4GHz is −15dBm to 0dBm. The red line in Figure 13 shows that the drain current of the compensation voltage doubler rectifier circuit changes with the increase of the input power. The drain current increases with the increase of the input power. The blue line shows the adaptive voltage doubler rectifier circuit of the drain current change with the input power changes, we can see that with the increase of input power, the drain current is greatly reduced. In addition, with the increase of the input power, the reverse leakage current is relatively small. So it can prevents the loss of input source energy.
IV. EXPERIMENTAL RESULTS
In order to achieve the original design goals of this paper, taking into account the complete RF energy harvesting First, the simulation of rectifier voltage doubler circuit in ADS includes the RF power input range is −20dBm to 0dBm, the center frequency of 2.4GHz WIFI band, greinacher stage 12 and the output load of 1M. As shown in Figure 14 (a) , the adaptive rectifier voltage and compensated rectifier voltage are the same the input and output simulation conditions. The output voltage changes with the input RF power, the adaptive voltage doubler rectifier circuit in the RF signal to the DC voltage change process has a higher DC voltage output, indicating that the whole process of small loss.
Similarly, the power conversion efficiency (power convert efficient) is simulated for different input power in the case of constant experimental simulation environment. As shown in Figure 14 (b) , the adaptive rectifier voltage doubler circuit and compensated rectifier voltage doubler has the different conversion efficiency and the maximum conversion efficiency of the input RF power is also different. The conversion efficiency of the adaptive rectifier voltage doubler circuit achieves a maximum conversion efficiency of 35.3% when the input RF power is −14dBm. The conversion efficiency of the compensated rectifier voltage doubler is 17.8% when the input RF power is −14dBm. In contrast, the rectification efficiency of the adaptive rectifier voltage doubler circuit has been greatly improved, which makes the efficiency of the whole radio frequency collection and conversion system significantly improved.
In order to prevent overcharge or over discharge of the capacitor, protect energy storage components and make the output voltage keep constant, we should adapt voltage regulator circuit. As shown in Figure 14 (c) shows that output voltage after the voltage regulator, adaptive voltage doubler rectifier is higher than the compensated rectifier voltage doubler.
In order to further test the performance of the whole RF acquisition system under the different simulation environment. For the input RF signal power is still −20dBm to 0dBm, RF signal center frequency of WIFI 2.4GHz signal, the output load is 1M. As shown in Figure 14 (d) , the simulation of the double pressure series are 24 and 12, the voltage will increase with the number of rectifier voltage, which meets the principle of rectification voltage doubler. Figure 15 shows that, where the input RF signal power of −20dBm to 0dBm, RF signal for the central frequency of 2.4GHz WIFI signal, the output load of 1M to 10M, the scan input RF power (scan interval of 10dBm) and output load (scan interval 1M) two variable parameters in the ADS simulation environment. As shown in Figure 15 (a) , the output voltage increases with the increase of input power. Under the same input power, the output voltage increases with the increase of the load, but after the load increases to 6M, the voltage change is small.
In the simulation environment, scanning the input power (scan interval 2dBm) and output load (10M), as shown in Figure 15 (b), the power conversion efficiency is increased with the input RF and then decreased. When the output load VOLUME 6, 2018 is 11M the conversion efficiency reaches a maximum of 30.8%, When the output load is 1M the conversion efficiency reach the lowest of 27.5%. load of 1M. The output power increases with the increase of input power. When the input signal radio frequency power is −12dBm, the output RF power change is close to −30dBm.
In the same simulation environment, for input power (scan interval of 2dBm) and output load (scan interval of 10M). As shown in Figure 15 (d) , as the input power increases, the output RF power increases. When the input voltage is −12dBm, the output power is stable. When the output load is 11M and the input power is −12dBm, the output power is −39.015dBm.
According to the simulation results, the method is compared with other rectifier double pressure, as shown in Table 2 . The threshold voltage, RF-DC conversion chip area, process parameters, rectifying doubling circuit conversion efficiency, minimum RF input power, output voltage and load etc are compared and analyzed. The simulation results show that the conversion efficiency is higher, and the minimum input RF power is relatively low.
At present, because of the experiment only for the simulation stage, the hardware cost, such as RF-DC power conversion chip area and process parameters are not listed. We will make a further analysis of the hardware design and test based on the simulation results.
V. CONCLUSION
In this paper, we propose a feasible power supply scheme for the end of the Internet of things. Firstly, the energy distribution of electromagnetic wave is analyzed, and the basis of RF energy collection is provided. An adaptive RF energy harvesting system with RF-DC RF conversion to DC voltage is proposed. The forward voltage compensation and the backward voltage compensation are used to improve the voltage compensation. When the transistor is in reverse bias, the forward current is increased and the reverse drain current is decreased.
The power conversion efficiency is significantly improved by the design of a 12 stage adaptive threshold compensated RF voltage doubler rectifier circuit. A high conversion efficiency of 35.3% is obtained at the low power level of the input RF signal i.e. −14dBm. In the case of the load of 1M, the voltage regulator circuit get the voltage is about 3.2V. This conversion level can provide the basic energy supply for low power nodes, and provide a solution for the end of the passive network and the normal operation of the network. XIAOHUI ZHANG is currently pursuing the master's degree with the College of Computer Science and Technology, North China University of Technology. Her research interests include wireless sensor network and artificial intelligence. She has issued a patent for a low-power node RF power supply device at the end of the Internet of Things. She published an academic thesis during her master's degree.
